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SUMMARY 
Pratt & Whitney  Aircraft  conducted a twelve-month  program  to  reduce  and 
analyze  inlet  and  engine  data  obtained  during  the  recent  NASA/Lewis 
Research  Center  testing of a TF30-P-3  with  an  axisymmetric  Mach 2 . 5  
mixed  compression  inlet. A s  part  of the  test,  the  propulsion  system  was 
intentionally  mismatched  to  generate  combinations of steady  state  distortion 
and turbulence that allowed the engine to drift into surge. During these 
"drift stall" test  runs,  inlet  and  engine  pressure  data  was  recorded  with 
high response instrumentation. This data was evaluated to develop methods 
of correlating  inlet  pressure  distortion  data  to  loss  in  engine  surge  margin. 
Both  analog  and  digital  data  reduction  techniques  were  used  in  the  evaluation 
of the distortion analysis techniques. Results of previous TF30 engine tests 
were  used  in  the  development of the  distortion  analysis  methods. In addi- 
tion  to  the  development of data  analysis  methods,  an  evaluation  and  refine- 
ment of a synthesis  technique  for  the  estimation of peak  instantaneous 
distortions was conducted. 
The  program  was  divided  into two tasks.  Task I consisted of extensive 
analysis of ten  "drift  stall"  points.  The  objective of Task I was to define a 
set of procedures  for  the  analysis of inlet  pressure  distortion.  This  task 
included  analog  reduction of inlet  and  engine  parameters,  digital  analysis of 
inlet data, and analysis of engine response to stall propagation. Task I1 
consisted of the  verification of the  procedures  defined  in  Task I and  the 
evaluation of the peak distortion estimating synthesis methods. Task II was 
conducted  by  the  analysis of an  additional  twelve  "drift  stall"  points. 
A distortion  methodology  that  successfully  indicated  surge  inducing  inlet 
distortion was developed. Analysis of the engine data showed that vir- 
tually  all of the  instabilities  were  initiated  in  the  low  pressure  spool  com- 
pressor,  suggesting  that a core  flow  distortion  factor  should  be  used  for 
inlet  data  analysis. It was  found  that  by  using a core  flow  distortion 
factor,  Kg splitter, stall  inducing  distortion  could  best  be Lletected when 
the  inlet  pressure  data  is  preconditioned by a filter  with a cut-off f re -  
quency equal to the low compressor rotor speed. A destabilizing influence 
of full  face  in-phase  pressure  fluctuations  was  observed. 
A method of estimating  maximum  instantaneous  distortion  factor  levels 
from  steady  state  total   pressure  measurements  and  turbulent RMS measure-  
ments was defined. Application of this distortion synthesis method re- 
sulted  in a reasonably good correlation of estimated  to  actual stall inducing 
values of instantaneous  distortion. 
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INTRODUCTION 
Inlet/engine  compatibility  is a subject  that  has  grown  in  importance 
and complexity during the past decade. This trend is directly related 
to  the  development of advanced  aircraft  with  increased  performance 
requirements over a broad maneuvering envelope. The continued 
striving  to  obtain  higher  performance  has  led  to  the  point  where a 
trade  between  performance  and  stability  must  be  made;  since  increased 
performance  usually  leads  to  decreased  stability. 
Much work  during  the  past  decade  has  been  directed  toward'better 
definition of inlet/engine destabilizing phenomena. Initial studies 
were  concerned  with  the  correlation of engine  surge  with  steady  state 
inlet  total  pressure  distortion.  Later  studies found that  the  level of 
inlet  turbulence  has a strong  influence on the  stability of an  inlet/ 
engine combination. It was then observed that the effect of turbulence 
on  the  engine  was  dependent  upon  the  inlet  type;  thus,  the  concept of 
instantaneous  distortion  was  adopted  to  represent  the  destabilizing 
phenomena. 
Current  efforts  have  been  directed  toward  quantifying  the  effects of 
instantaneous distortion. The origins of the total pressure fluctua- 
tions  that  create  the  instantaneous  distortion  are  not  completely 
understood;  thus,  analytical  prediction of distortion  is  not obtainable. 
Likewise,  the  effect of instantaneous  distortion on engines  is  not  yet 
analytically determinable. It is apparent then that empirical techniques 
must  be  employed  to  define  instantaneous  distortion  and  its  effect on 
engine stability. 
A full  scale  supersonic  mixed  compression  inlet  was  tested  with a 
TF30-P-3  turbofan  engine as  par t  of an  engine/inlet  compatibility 
program  at  NASA-Lewis Research Center. The inlet tested was an 
axisyrnmetric,  mixed  compression  inlet  designed  for  Mach 2 . 5  
operation  with a TF30 engine. The test was conducted in the NASA- 
Lewis 10 x 10 foot Supersonic Wind Tunnel. The inlet was equipped 
with  flow  bypass  doors  which  allowed  supercritical  inlet  conditions 
to be obtained for study of pressure  distortion. Part of the  test   pro- 
gram  consisted of obtaining data, both inlet and engine, for "drift 
stall" events. A "drift stall" i s   a n  engine surge induced by the com- 
bination of steady state and  turbulent  inlet  distortion  during  steady 
state engine/inlet operation. Such an event was obtained by setting 
both  the  inlet  and  engine at a steady  state  operating  condition 
and then waiting for the engine to surge. Not all operating conditions 
result  in  instabilities;  therefore,  most of the  "drift stall" events  that 
were  recorded  were a result  of severe  inlet  operating  conditions. 
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The  data  obtained  in  the  above  mentioned  test  was  reduced  and 
analyzed  to  define  an  empirical  methodology  for  the  analysis of 
distortion data. Previous Pratt & Whitney Aircraft experience 
with  the  TF30-P-3  turbofan  engine  was  used as a guide for  the 
development of the methodology. Two approaches were examined. 
One was  an  extension of the  instantaneous  distortion  technique of 
representing stall inducing inlet flow. The other was a technique 
of combining  steady  state  and  turbulence  data  to  obtain  synthetic 
instantaneous distortion information. Development of the methodo- 
logy  required a thorough  analysis of the  engine  data as well as the 
inlet  data. 
Both  analog  and  digital  analysis  was  conducted  on  ten  "drift stall" 
data  points  selected  mutually by Pratt & Whitney Aircraft  and 
NASA/Lewis Research Center. The time of surge and the critical 
component  were  determined  from  analog  traces of engine  parameters. 
Indication of the  peak  distortion  were  obtained by reducing  the 
dynamic  inlet  pressure  data  with  an  analog  distortion  factor  calcula- 
tor. Definition of the effect of data preconditioning on engine surge 
correlation  was  obtained  through  digital  manipulation of the  inlet 
dynamic data near the surge event. Information on the effect of 
data  sample  length  was  obtained by digital  reduction of three 
3-second intervals of data. Evaluation of the results of these 
studies  was  used  to  define  the  required  procedure of distortion 
data  analysis . 
The  verification of the  previously  defined  distortion  analysis  pro- 
cedure  was  conducted by application of the  selected  methods  to  addi- 
tional "drift stall" data points. Twelve additional "drift stall" 
points  were  evaluated  using  the  digital  and  analog  techniques  developed. 
A tabulation of the  twenty-two  "drift  stall"  points  analyzed  is  pre- 
sented  in  Table I. 
The  surge  levels of distortion  were  compared  to  levels of in-house 
tests  (distortion  valve  and  turbulence  generator  testing)  and  flight 
test experience. Analysis consisted of comparing instantaneous 
K D ~  surge  levels  to  the  predicted  steady  state  and  steady  state  plus 
turbulence  levels  estimated  for  the  TF30-P-3  engine. 
Synthesis  procedures  suitable  for  the  estimation of maximum  levels of 
instantaneous  inlet  distortion  were  used  to  analyze  data  from  the  twelve 
selected "drift stall" pointsf The results of the application of 
synthesis  techniques  were  compared  with  the  results of the  digital 
analysis to evaluate the accuracy of the synthesis method. Refine- 
ments  required  to  improve  the  correlation  between  synthesized  values 
of distortion  and  measured  values  were  made. 
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RESULTS AND  DISCUSSION 
Analysis of Engine  Data 
The  surges  which  occur  in  propulsion  systems  are  dynamic  events. 
Significant  events  leading  to  and  including  the  surge  occur  during 
periods of t ime  measured  in   terms of milliseconds. Identification 
and  analysis of these  short  duration  events  requires  installation of 
high  response  instrumentation at locations  which  are  close  coupled 
to the engine compression system. High response pressure instru-  
mentation  was  installed  in  this  manner  during NASA-Lewis testing 
of the TF30-P-3 engine/mixed compression inlet configuration. The 
data  acquired  from  the  compression  system  was  analyzed  in  support 
of the  inlet  distortion  data  analysis  for  the  purposes of 1) determining 
which compression  system  component  was  critical  to  system  stability 
and 2 )  to  attempt  to  identify  the  origin  and  propagation of instabilities 
through  the  system. 
Definition of T e r m s  
The  stability limits of a compression  system  are  sometimes  referred 
to in terms used interchangeably as "surge" or "stall" limits. Use 
of the  terms  in  this  manner  does  not  give  insight  into  the  actual  events 
occurring during a system instability. For this reason, Pratt & 
Whitney Aircraft  defined a glossary of terms  for  analyses of the  type 
performed on the NASA/TF30 data. The definitions a r e  given below 
to  facilitate  understanding of the  TF30  analysis. 
Stall 
The  term  s ta l l   or  flow separation  refers  to  the  local 
deviation of the  airflow  from  contours of the  airfoils 
or walls.  A stall may be either abrupt - the flow 
rapidly  transists  from  being  attached  to  being  separated 
over a large  area,   or   gradual  - the  extent of the  sur- 
face  which is separated  varies  smoothly  with  com- 
pressor  pressure rat io .  A stall region may remain 
fixed  in  relation  to  hardware,  or  may  propagate, as 
in the case of rotating stall. A compression system 
may  operate  stably  with  some  stalled  regions  present 
on  some  airfoils  or  walls;  however,  local  stalls  can 
induce a system  instability. 
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* Rotating  Stall 
Rotating  stall  occurs  when a localized  stall  propagates  cir- 
cumferentially. It usually begins as a l lcel l l l  of stalled flow 
covering a fraction of the  circumference  and  span,  but  may 
grow  to  cover  the  whole  span  and  over half the  circumference. 
A local  reduction  in  flow  accompanies  the  rotating  stall  cell. 
The  growth of the  stall   cell   is  a compression  system  insta- 
bility  which  generally  leads  to  system  surge. 
- Surge 
Surge  is  a system  instability  which  originates  as a major 
flow  breakdown  at  some  axial  location  in  the  compressor e 
that   stops  or  retards  the flow  around  essentially  the  whole 
circumference. The flow breakdown in a multispool com- 
pressor  system  may  occur  in  any of the  individual  com- 
pressors  and  the  compressor  in  which it occurs  may  be 
different  for  various  operating  conditions. 
Surge  may  develop  into a system of multiple  stall  cells. 
The surge process includes a flow breakdown, ensuing 
surge wave, depressurization, and eventual reflowing 
and  repressurizing of the  compressor  and  associated 
duct volumes. In some cases, such as when conditions 
which  drove  the  compressor  beyond  its  stability  boundary 
a r e  not removed, the system surge can be cyclic in 
nature. 
The  surge  wave  is a pressure  pulse,  generated by the flow 
breakdown,  which  travels  forward  as a compression  wave 
(overpressure)  and travels  rearward  as  an  expansion  wave 
from  the  origin of the surge. The identification of the origin 
of the  surge  wave  therefore  is  sufficient  for  defining  the  com- 
pressor  which  caused  the  major  flow  breakdown. 
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Detection  and  Classification of Instabilities 
Pressure- t ime  his tor ies  of the  data  acquired  from  the  high  response 
instrumentation  serve  as  the  basis f d r  analysis of the  instabilities. 
A single  history  provides a record of the  pressures  fluctuations as 
a function of t ime at one spatial  location  in  the  compression  system. 
Comparison of the  time  histories  recorded at different  locations  in 
the  system  reveals  the  time of initial  instability  and  events  leading 
to surge, as well as the surge itself. Rotating stall and surge were 
the two kinds of instability  identified  in  the  TF30  data. 
Because of the  localized  extent and  the  rotational  nature of the  rotating 
stall  cell,  its  presence  is  indicated by a periodic  fluctuation  in  the 
pressure t ime history.  As shown in Figure 1,  the direction of the 
fluctuation  is  dependent on the  location of the  pressure  probe  in  re- 
lation to the cell. A downstream probe shows a reduction  in  pres- 
sure  due  to  the  stalled  condition of the  flow,  while  the  probe  upstream 
of the  cell  shows a pressure  increase due  to  the  back  pressure (flow 
blockage)  effect of the  cell on the incoming flow. The positions of the 
upstream and downstream  probes  define  the  axial  location of the  cell 
within the compression system. The rotational frequency of the cell, 
used  to  identify  stall  type,  can  be  determined by plotting  the  circurn- 
ferential  location of the  probe  versus  the  time of the  pressure  fluc- 
tuation as shown in Figure 2. This  method  is  particularly  useful if 
the  duration of the  cell  is  less  than one cell  revolution,  which  in 
turn  requires  that   probes  at   more  than one circurnferential  location 
be  included  on  the  plot. 
The  surge  characteristics  exhibited  in  the  pressure  time  histories 
are  generated by a major flow  breakdown  at  some  axial  location  in 
the compression system. Probes downstream of the breakdown 
point  show a rapid  decrease  in  pressure;   the  upstream  probes show 
a rapid pressure increase.  These characterist ics,  shown in 
Figure 3, differ  from  rotating  stall  characteristics  primarily  in 
magnitude of the  pressure  variations,   the  surge  pressure  variations 
being  substantially  larger. 
Previous  Pratt  & Whitney Aircraft  analyses of TF30  compressor 
instabilities  have  shown  that  the  origin of compression  system  insta- 
bil i t ies  as  well   as  the  occurrence  and  order of events  leading  to  surge 
vary on a case  to  case  basis. It has  therefore  been found useful  to 
classify  each  case  according  to  the  origin  and  types of instability 
leading to surge. This practice was continued in the analysis of the 
NASA/TF30  data  and  definitions of the  surge  event  classifications 
a r e  given  below  to  clarify  results of the  analysis. 
* Initial Instability in F a n  
Type 1 - Rotating stall initiating  in  fan  root  followed by 
rotating  stall  in  the  low  pressure  compressor 
(LPC), followed by a surge  wave  emanating  from 
the  high  pressure  compressor  (HPC). 
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Type 2 - Rotating  stall  initiating  in  fan  tip  (coupling  with  fan 
duct  resonant  frequency)  followed by depressuriza- 
tion of the  core. 
*Type 3 - Rotating  stall  initiating  in  the  fan  root  followed by 
rotating  stall  in LPC, followed  by  rotating  stall  in 
HPC, followed by a  surge  wave  emanating  from HPC. 
- Initial Instability in LPC 
Type 1 - Rotating  stall  initiating  in LPC followed by a surge 
wave  emanating  from  the HPC. 
Type 2 - Rotating  stall  initiating  in LPC followed by a  surge 
wave  emanating  from  the LPC. 
Type 3 - Rotating  stall  initiating  in LPC followed by HPC 
rotating  stall  and  followed by a  surge wave 
emanating  from HPC. 
. Initial Instability in HPC 
Type 1 - Rotating  stall  initiating  in HPC followed by surge 
wave  emanating  from HPC. 
Type 2 - Surve  wave  emanating  from HPC. 
Instrumentation 
Figure 4 shows  the  five  axial  high  response  instrumentation  stations 
that  were  installed f o r  the NASA/TF30 test. Coverage of the 
entire  fan  face  was  provided by the  inlet  pressure  rakes  used  in  the 
inlet distortion analysis. Instrumentation internal to the compression 
system  was  located  in  the  core flow path  which  in  turn  permitted  posi- 
tive identification of instabilities occurring in this region. The core 
path  was  instrumented  such  that  the  low  pressure  compressor  was 
isolated  into  three  blade  row  groups  while  the  high  pressure  com- 
pressor  was  isolated  as  a  complete  unit.  The  groups  in  the  low  com- 
pressor   were  inlet  guide  vane (IGV) through  rotor 3 (fan  roots), 
stator 3 through  rotor 6 ,  and  stator 6 through  rotor 9. 
*Note - New classification  based on NASA test   results.  
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The  internal  instrumentation  was  circurnferentially  spaced  in  the 
manner shown in Figure 5. The operating probes provided data 
for  at least  one circumferential  location  at  each  axial  station  and 
were  adequate  for  identifi-tion of rotating stall cells  and  deter- 
mination of rotating  frequency. 
Interpretation of Engine  Data 
Two methods of generating  the  pressure-time  histories  for  analysis 
were explored. Initially, the histories were generated by analog 
tracing of unfiltered  playback of the  dynamic  pressure  components. 
Subsequently,  the  histories  were  generated by analog  to  digital  con- 
version of filtered playback of the dynamic pressures. The latter 
method  proved  to  be  more  desirable  because  the  filtering  provided 
better  resolution of the  compression  system  instabilities  through 
attenuation of higher frequency activity. In addition, the digital 
output  format  permitted  machine  plotting of the  pressure-time  coor- 
dinates on grid  paper,  making  reading of the  time  scale  easier  than 
on the analog traces. A real   t ime  f i l ter  cut-off frequency of 320 Hz 
and an effective cut rate of 1024 cuts/sec.   were  selected  for  the 
analog  to  digital  process  and  produced  the  time  histories  shown on 
Pages 86 through 109 of Appendix D. These  histories  were  used  in 
the  final  analysis of the  instabilities. 
The  time  history  plots  were  interpreted by initially  identifying  the 
system surge. From this point in time, preceding periods were 
examined  to  determine  the  time of initial  instability  as  well as the 
location and types of instabilities preceding surge. In general, time 
histories of Pt2 showed only overpressure  result ing  from  surge; 
therefore,  the  analysis  was  centered  around  the  time  histories of the 
internal engine pressures shown on Pages 86 through 109. The signifi- 
cant  events  occurring  in  each  case  were  identified  on  each  plot. 
Rotating  stall  cell  frequencies  were  determined  from  the  plots  shown 
on  Pages 110 through 130 of Appendix D where  probe  position  was 
plotted versus time of cell indication. In some cases i t  appeared 
that  the  rotating  cells  were  superimposed on  top of the  surge  waves. 
When this  occurred  and  cell  duration  prior  to  surge  was  short  (less 
than  one  rotation)  the  post  surge  indication  was  used  to  improve 
resolution of the rotating frequency. This type of rotating stall can 
be  observed  in  the  pressure  data  for  case 408 (Pages 91 and 92), 
where  the  presence of the low compressor  rotating stall cell  is 
indicated  after  the  time of surge. 
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The 22 surge  cases  which  were  analyzed  spanned a low  rotor  cor- 
rected speed range of 6000 to 7050 rpm. Within this range, various 
configurations of bleed  position  and  exhaust  area  settings  were 
tested as shown in  Table I. 
Table I shows  that  the  surge  events  were  not  identical on a case  to  
case  basis.   Results  which  can  be  derived  are as follows: 
1. 
2.  
3. 
4. 
5. 
6.  
7. 
8. 
Positive  identification of instabilities  in  the  core  flow  path 
were  made  in  all surge  events. 
Five  different  sequences of events  leading  to  and  including 
surge  were found. 
In all cases  except 519, instabilities  were  identified  in  the 
core low spool compressor prior to surge. Those initial 
instabilities  were  identified as rotating  stall. 
High compressor  surge  was  the  only  instability  positively 
identified in case 519. This case was the only one analyzed 
for  operation  with  both 7th and 12th bleeds open. 
In five  cases,  high  compressor  rotating  stall  was  identified 
prior to surge. These five cases occurred at corrected low 
rotor  speeds of 6500 rpm  and  lower  as  shown  in  Figure 6. 
In the  majority of cases  (16 of 22)  the  initial  instability  was 
identified  in  the  Stator 3 through  Rotor 6 (Sta. 2.  3 - 2.6)  row 
group. These cases covered the full range of low rotor 
speeds; see Figure 6 .  
The  initial  instability  was  identified  in  the IGV through  Rotor 3 
(Sta. 2 . 0  - 2.3) fan root row group in four cases. These 
occurred  at  corrected  low  rotor  speeds of 6180 rpm and 
below; see  Figure 6 .  
In case 438 the  initial  instability  was  first  identified  in  the 
Rotor 6 through Rotor, 9 (Sta. 2 . 6  - 3.0) group at a corrected 
low  rotor  speed of 6970 rpm;  see  Figure 6 .  
The  surge  classification  system  defined  from  previous TF30 testing 
provided the key to interpreting the NASA data. The instabilities 
noted  in  the  data  were  easily  linked  to  events  described  in  the  surge 
classification  system  to  identify  the  origin  and  type of instability. 
Case 497 was  the  only one  which  presented  any  problem  because  pre- 
vious P ra t t  & Whitney  Aircraft  experience  did  not show  high  com- 
pressor  rotating stall subsequent  to a rotating stall initiated  in  the 
fan  root. No reason  was  seen  to  rule  out  the  possibil i ty of this 
occurrence  and a new classification  was  defined  (Fan/Type 3 )  on 
the  basis of the NASA data. 
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Case 519 also  stood  out as  different  from  the  other  surge  cases  be- 
cause no instability  in  the low spool  was  clearly  evident  prior  to 
surge.  This  case  was  unique  in  that it was the only one analyzed 
for operation with both 7th and 12th stage bleeds open. Although 
it was  not  evident  in  the  data, it was  felt  that  an  undetected  short 
duration  rotating  stall  in  the  low  spool  compressor  should  not  be 
completely  ruled  out a s  a cause of the  surge. 
The  next  area of interest  in  this  analysis  was  the  location of initial 
instability. The matrix shown in Figure 6 was used to identify 
trends of results  for  cases  where  instability  initiated  in  the  low  com- 
pressor.  The  matrix  included  the  major  engine  variables  which  were 
exercised  during  the  test and in  turn  affected  the  compression  system 
matching. 
A significant  majority of the  instabilities (16 of 21) initiated  in  the 
Stator 3 through  Rotor  6  group:  instabilities  originated  at  this  loca- 
tion over the full range of tested rotor speeds. In contrast, insta- 
bilities  which  initiated  in  the  fan  roots  were  concentrated  in  a  speed 
range of 6000 to 6180 N,/= while  the  one  instability  that  initiated 
in  the  Stator 6 through  Rotor 9 row  group  occurred  at 6970 N1/-. 
The  cases  where  instability  initiated  outside  the  Stator 3 through 
Rotor 6 group  qualitatively  displayed  the  expected  movement of 
stalled  operation  from  the  front  to  the  rear of the  compressor  with 
increasing  speed:  however,  the  trend  was  not  felt to be  conclusive. 
In contrast,  consideration of all 21 cases  led  to  the  conclusion  that 
the  location of initial  instability  was  somewhat  random  and  therefore 
unpredictable. It did  appear  that  the  most  probable  locatian  for 
initial  instability  was  the  Stator 3 through  Rotor  6  group. 
Compressor Row Matching 
The  test  results  showed  the  low  compressor  to  be  critical  to  engine 
stability. For purposes of augmenting analysis of the engine test 
data,  a  computer  model of the  fan/low  compressor  was  exercised 
to  determine  which  blade  row  in  the  core  compressor  might  be 
critical  to  its  stability. 
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The  model  was  composed of average 0 -* characteristics  defined 
for  each  blade  row of the  fan  and  core  compressor.  The  charac- 
terist ics  were  derived  from  data  acquired  during  r ig  testing of a 
Bill of Material  TF30-P-3  fan/low  compressor.  The  model  was 
operated  by  input of the  corrected  low  rotor  speed,  corrected 
total  airflow  and  corrected  core  flow at the  fan  inlet  station;  output 
from  the  model  included  both  the  overall  and  row  operating  con- 
ditions. 
The  operating  conditions  investigated  with  the  model  were  limited  to 
corrected  low  rotor  speeds of 7000 rpm and  above  due  to  the  range 
of definition of the  row  characteristics;  in  addition,  the  fan  match 
was  restricted  to  conditions  encountered  during  static  operation  be- 
cause  testing of the  rig  was  performed at ambient  inlet  and  discharge 
conditions. With these limitations in mind, the row operating condi- 
tions  were  examined  for  operation of the  low  compressor  near  the 
r i g  surge  line  with  the  fan  operating  on a line  near  the  level  experi- 
enced during static operation of the engine. A range of rotor speeds 
of 7000-9000  rpm  was  investigated  as  shown  in  Figures  7  and 8 so 
that  the  trend of shifts  in  row  operating  points  could  be  qualitatively 
extrapolated  to  the 6 0 0 0  to  7050 rpm  corrected  speed  range  covered 
by the NASA engine  test. 
Assessment of the low compressor  row  operating  conditions  was  made 
by evaluating  the  position of each  rotor  and  stator  row  operating  point 
relative  to  the  peak  pressure  r ise of i ts   characterist ic.  As illustrated 
in  Figure 9, the  point  was  identified as operating  on  either  the  choked 
or  stalled  side of the 0 -9 characteristic  and  the  percentage  deviation 
from  peak  pressure  r ise  (%A?) was calculated. The results were 
plotted as  a  function of the  row  location  and  inlet  corrected  rotor  speed, 
a s  shown in  Figure 10 ,  to  give  an  overview of the  predicted  operating 
conditions  within  the  compressor. 
The  results of this  analysis  showed  that  operation of the  low  compressor 
3rd  stator  was  predicted  to  progress  toward a relatively  highly  stalled 
condition as rotor  speed  was  reduced  from 9000 to 7000 rpm  (see 
Figure 10); qualitative  extrapolation of these  results  therefore  predicted 
the  3rd  stator  to  be  the  predominantly  stalled  row  in  the 6 0 0 0  to  7050 rpm 
speed  range  tested. 
Interpretation of these  results  required  consideration of the  findings 
made  from  the  internal  compression  system  data  taken  during  the  test. 
The  data  showed  that  in  the  majority of cases,  the  instabilities  initiated 
in  the  Stator  3  through  Rotor 6 blade  row  group.  This,  coupled  with  the 
model  predictions,  left  the  3rd  stator  as a row  suspected of frequently 
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influencing  the  stability limit of the  compressor;  in  contrast, it could 
not  be  said  that  instability  universally  initiated  at  this  location  because 
of the  exceptions  demonstrated  in  the  test  data,  namely  the  instabilities 
which  initiated  in  the  fan  roots  and  in  the  rear  stages. In addition, 
Pratt & Whitney Aircraft  testing of the  TF30  compression  system  has 
also shown that  instabilities  initiate  at  different  locations  (stages)  in 
the  compressor  under  apparently  similar  operating  conditions. 
Application of Previously  Developed  Methodology 
Early  testing of the  TF30/Flll   installation  led  to  development of a 
factor  which  evaluated  the  severity of the  predominantly 180" distor- 
tion generated by the aircraft inlet. The factor, K D ~  (see Appendix A )  
was  initially  implemented  in  both  the  engine  development  and  flight 
tes t   programs and  evaluated  the  engine  stability  limits on the  basis of 
low response data. This approach correlatdd the development test and 
flight  test  results  separately,  but  indicated  the  stability  limits of the 
engine  to  be  lower  in  the  aircraft  than  in  the  test  cell. 
As  the  aircraft  flight  testing  progressed, it became  apparent  that 
the  inlet  flow  environment  contained  significant  nonsteady,  high 
frequency  characteristics.  These  were known to degrade the apparent 
stability  limits of the  engine  indicated by the K D ~  level  calculated 
f rom low  response  data. It was  necessary  to  establish a method of 
accounting  for  the  high  frequency  activity  (turbulence)  and  the K D ~  - 
turbulence approach was developed. A sample surge limit curve is 
illustrated in Figure 11. The approach correlated the stability limits 
of the  engine at constant  airflow  in  terms of the  low  response K D ~  
and  turbulence  level A p t  r rns /p t  0-150 Hz). The cutoff frequency of 
150 Hz for  turbulence  was  confirmed by testing of a fan/low  com- 
pressor  r ig .  
The  stability  limits of the  engine  in  terms of K D ~  and  turbulence  were 
derived  from  cell  testing of the  engine  behind a distortion  valve  and 
turbulence generator which are shown in Figure 12. The distortion 
valve  defined  stability limits at  conditions of low  turbulence  and  the 
turbulence  generator  at  conditions of relatively  high  turbulence. 
During  this  testing  the  distortion  patterns  were  maintained  at  one 
per  revolution  conditions so that  the  aircraft  environment  could  be 
simulated as closely as possible. (See Figure 13. ) 
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Implementation of the K D ~  - turbulence  method  was  found  to  provide 
much  improved  agreement  between  the  stability limits of the  engine 
as  measured  in  the  test   cell   and  in  the  aircraft .  In the  vast 
majority of cases,  surge  events  occurring  in  the  aircraft  could  be 
predicted by  the  concurrent  levels of K D ~  and  turbulence. In a few 
cases,  this  approach  did  not  work  and  another  method  was  employed - 
instantaneous K D ~ .  
The  instantaneous K D ~  method  calculated  the  factor  from  high  res- 
ponse  measurements of inlet data filtered to 150 Hz. As illustrated 
by Figure 14, this  method  was found to  predict  engine  surges  that 
could  not  be  confirmed by the K D ~  - turbulence  method. 
Under  this  contract,  the  data  acquired  from  the NASA testing  was 
investigated  in  terms of K D ~  - turbulence  and  instantaneous K D ~  to 
evaluate  these  approaches  as  methodologies  for  correlating  the 
engine  stability  limits. 
Instrumentation 
The  distortion  data  for  the  test  was  acquired  with  the  instrumentation 
illustrated in  Figure 15. Twelve rakes were installed at the com- 
pressor   face and provide a total of 72 sampling locations. All loca- 
tions  provided low response  data;  high  response  data  was  acquired at 
three  points on each  rake  for a total of 36 locations. As a result, 
K D ~  low  response  was  based  on 72 measurements and  turbulence Zevels 
based on 36 in the K D ~  - turbulence analysis. Instantaneous K D ~  was 
derived by merging  the  low  response  with  corresponding 36 high 
response'pressure  readings.  
Analysis of the  verge of surge  pressure  profiles  indicated  the  patterns 
fell  within two extreme  types, a four  per  revolution and a one per 
revolution pressure defect pattern. The four per revolution pattern 
was  generated  with  the  inlet  at  zero  or  low  angle of attack  and  high 
levels of bypass  airflow.  The  four  per  revolution  distortion  pattern  was 
caused by  a  combination of the  four  center body support  struts  and  the 
position of the bypass doors; see Figure 16A. The second type, a one 
per  revolution  pattern,  occurred  at  high  inlet  angles of attack  and 
low  bypass  airflow;  see  Figure 16 B and Appendix D for  the  profiles 
of all  the  test  points  analyzed. 
Figure 17 presents  typical  turbulent  energy  distributions  that  were 
measured  with  the  inlet  instrumentation.  The  data  is  presented  in 
the  form of a normalized  power  spectral  density  plot.  Compared  to 
previous experience, denoted by the TF30 Spec. limits, the tur- 
bulent  energy  measured  for  the  axisymmetric  mixed  compression 
13 
inlet  was  concentrated at high  frequencies.  The  distribution of high 
frequency  pressure  fluctuations  specified by the TF30 Spec. is con- 
sistent  with  F111/PWA  inlet  characteristics  and  the  in-house  tur- 
bulent  distortion  generating  devices  that  were  used  to  define  com- 
pressor  surge  margin.  
The K D ~  levels  were  calculated  from  the 72 steady  state  inlet  probes 
for each of the 22 data points considered. The turbulence levels 
associated  with  these  points  were  based on an  average of the 36 high 
response probes low pass filtered to 150 Hz. These  data  are shown 
on Figure 18a compared  to  the  estimated  distortion  tolerance  limits 
based on previous TF30-P-3 experience. Different symbols are 
used to delineate airflow level and bleed configuration. Close exam- 
ination of the 150 pps  airflow  points  shows  reasonable  agreement 
between  this  test and previous  tests  at  low  turbulence  levels  (see 
Figure 18b). For the low turbulence points the steady state K D ~  
level is comparable to previous TF30-P-3 K D ~  levels. At high tur- 
bulence levels, however, the agreement j.s not as  good. Figure 18b 
presents  the  observed  turbulence  effect  through  new  curves of K D ~  
versus  turbulence. 
Opening  7th  bleed  considerably  increases  engine  distortion  tolerance 
and this improvement is consistent with previous experience. Addi- 
tion of 12th  bleed  improved  distortion  tolerance  only  slightly. 
Previous  experience  has  been  with  either  7th  or  12th  bleeds  open,  not 
with both bleeds. The results obtained, therefore, indicate that the 
improvement  due to  either  7th  or  12th  bleeds  should  not  be  added  to  predict 
an improvement with both bleeds open. Reducing nozzle area, while 
not  changing  engine  distortion  tolerance  at  low  turbulence,  does  have a 
detrimental  effect on  the  engine  tolerance  to  increasing  turbulence, 
see Figure 19. Previous experience did not indicate that engine res- 
ponse  to  turbulence  was a function of nozzle  area  (fan  match). 
Of the 22 points  analyzed, 3 points showed a lower  stall K D ~  versus 
turbulence relationship than the rest. The 3 points, the flagged 
symbols  plotted  on  Figure 19, have  been  shown  to  have  nonstationary 
inlet  activity  in  another  analysis  performed by NASA. 
The  primary  difference  between  previous  Pratt & Whitney Aircraft 
experience and the  inlet  test  is  the  response of the  engine  to  increasing 
amounts of turbulence. The data indicates that the engine is more 
tolerant of four  per  revolution  distortion  at  high  turbulence  than  pre- 
vious experience would predict. Previous testing at Pratt & Whitney 
Aircraft  has  indicated  that a 4 per  revolution  pattern  should  cause 
stall   at  K D ~  level  approximately  80% of that of 1 per  revolution 
pattern. Adjustment of the high turbulence four per revolution data 
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points would not significantly change the results. Since the PSD 
characteristic  between Pratt & Whitney  Aircraft  experience  and  the 
inlet  tests  are  considerably  different.,  this  difference is suspected 
to  be  the  cause of the  increased  tolerance  to  turbulence. 
The  concept of instantaneous  distortion is based on the  premise  that 
a total  pressure  distortion  existing  for a short  time  period  causes 
the engine to surge. Such a distortion  pattern  must  exist  for a 
sufficient  time  to  allow  the  engine  to  sense  it;  thus,  the  distortion 
must  be  averaged  over  some  finite  time  interval  which is charac- 
teristic to the engine. An effective means of achieving the required 
averaging is the filtering of the pressure data. The resulting 
instantaneous  distortion  can  then  be  compardd  to  low  turbulence  or 
steady  state  surge limit data  to  define  engine/inlet  compatibility. 
The  instantaneous  distortion  approach  was  applied  to  the K D ~  index 
system by calculating K D ~  using  total  pressure  readings  low  pass 
filtered  to 150 Hz for  the  ten  Task I data points. Using this approach 
to defining K D ~ ,  it is  expected  that  the K D ~  (steady  state)  levels 
associated  with  low  turbulence,  as  shown on Figures 18 and 19, 
would represent  the  expected  distortion  tolerance  limits f o r  K D ~  
instantaneous. Figure 20 summarizes the results of this analysis. 
Two levels of distortion  tolerance  limits  are  shown,  one  for  7th 
bleed  open  (highest  level  line)  and  one  for  7th  bleed  closed. 
Analysis of the  data  shows  that  the two bleeds  closed  points,  denoted 
by solid  symbols in Figure 20, correlate  with  the  predicted d i s -  
tortion tolerance limit. The surge inducing distortion is larger 
than  the  prior  peak  distortion  and it exceeds  the  limit  line.  The 
remaining  eight  data  points,  7th  bleed  open  points,  require  con- 
sideration of the  distortion  pattern ty-pe for  proper  interpretation. 
Four  of the points, cases 421, 438, 445 and 457, are   near ly  one per 
revolution ty-pe patterns  and  closely  correlate  with  the  predicted 
limit  line.  The  remaining  four  points  were  nearly  four  per 
revolution  patterns  and  do  not  present  as good a correlation  with 
predicted  surge  levels of K D ~ .  This  limitation of the K D ~  instan- 
taneous  system  is  attributed  to  the  development of K D ~  to  define  the 
severity of Fl l l  inlet  distortion, a predominantly 
distortion. 
Development of Methodology 
Analon  Data  Reduction 
~~ 
one per  revolution 
The  primary  requirement of a distortion  methodology is that  the 
selected  distortion  factor  maximizes  for  the  stall  inducing  inlet 
distortion.  Definition of such a factor  from  high  response  data of 
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an  inlet/engine  test  requires  examination of the  engine  data  sample 
to  insure  that  the  factor  does  indeed  maximize  for  the stall inducing 
distortion.  There  are two data  reduction  methods  that  can  be  used 
to  analyze  high  response  data;  digital  and  analog.  Each  method  has 
its own advantages  which  make it more  suited  to a particular  applica- 
tion. Examination of long  time  samples is usually conducted through 
the  use of analog  analysis  because of its low  cost  and  online  data 
reduction  capability. 
Since  the  current  data  was  lengthy,  up  to  five  minutes  per  data  point, 
analog  techniques  were  used  to  provide  economical  analysis of all the 
data. An analog  computer  was  used  to  determine  the  time  and  level 
of each  distortion  peak  and  to  determine if  the  maximum  distortion 
factor  occurred  immediately  prior  to  rotating stall or  surge. 
The  analog  distortion  factor  calculator  used  for  the  reduction of the 
TF30-P-3  mixed  compression  inlet  test  distortion  data is presented 
schematically in Figure 21. This unit, the only analog distortion 
factor  calculator  available  for  in-house  use, is currently  located  at 
the  Florida  Research and  Development  Center  Facilities of 
Prat t  & Whitney Aircraft. The calculator is a hardwired computer 
designed  specifically  for  the  determination of F l O O  distortion  indices. 
These factors are referred to as K a ,  K c 2 ,  Kg,  and K R ~ ~  and a r e  
defined in Appendix A. The  computer  is  also  hardwired  to  handle a 
maximum of eight  equally  spaced  rakes  with six probes  per  rake and 
to  condition  each  input  channel  with a 170 Hz linear  phase  filter. 
To check  the  validity of the  assumptions  made  in  the  use of the  analog 
calculator,  the  analog  output of one case  was  compared  to  digitally 
reduced data for the same case. Figure 22 presents the results of 
the comparison made for case 457. Each symbol on the plot repre- 
sents a specific time on the data trace. The results of the com- 
parison  indicate  that  the  assumptions  cause  the  computer  to  cal- 
culate  slightly  lower  levels of distortion  than  corresponding  digital 
calculations. 
Figure 2 3  presents a sample  visicorder  trace  for  case 457. The 
particular  trace  that  is  presented  includes  the  time of stall  and  the 
indication of hammershock at the  compressor  face.  Four  distortion 
factors  are  recorded along  with  respective  peak  detection  signals 
and time code. The factors calculated are K A ~ ,  K c 2 ,  K R ~ ,  and 
Kg.  A flag, such as the one occurring for K a  just   prior  to 
hammershock,  is  recorded  for  each  successively  higher  peak  dis- 
tortion. These flags provided the means for searching the analog out 
put for  the  maximum  level of distortion. 
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The  results of the  analog  data  reduction  indicated  that  maximum  levels 
of the FlOO distortion  factors  occurred  for  inlet  distortion  that  did  not 
cause the engine to surge. Engine data analysis indicated that a core 
flow  type  factor,  such as  KC^, should  provide  the  best  indication of 
surge inducing distortion. Table I1 presents a comparison  between 
the  time of maximum Kc2  and  the  time of initial  instability withir- the 
engine.  The  smallest  interval  between  time of initial  instability  and 
time of maximum K c 2  is about  one  second  which is too  long  to  permit 
data correlation. The same results were found for the other distortion 
factors  that  were  calculated. 
These  results  indicated  that  use of a different  distortion  factor  may  be 
required  to  provide  better  correlation of the data. The significance of 
this  finding  was  tempered by two additional  considerations. One  was  that 
relative  peak  levels of distortion  factors  were  observed  just  prior  to 
stall. These  distortion  levels  were  within a few  percent of the  maximum 
distortion  levels.  The  other  was  that  the  data  reduced by the analog 
calculation  was  preconditioned by a filter  with a relatively  high  cut-off 
frequency,  thus  not  adequately  representing  the  response of the  engine 
to distortion. Both of these considerations indicated that refinement of 
the  data  f i l ter   characterist ics would improve  the  correlation. 
Study  to  Determine  Effect of Data  Filtering 
The  desired  result  of the  use of filters  in  high  response  distortion data 
reduction  is  to  eliminate  the  calculation of nonsurge  inducing  peak  dis- 
tortions. In addition, proper filter selection should provide a direct  
correlation  between  instantaneous  inlet  data  and  steady  state  com- 
pressor  r i g  data. 
The  work  reported by Plourde and Brimelow, Reference 1 ,  indicated 
that  filtering of the  data  does  reduce  extraneous  peak  distortions 
below that of the  surge  inducing  distortion.  Figure 24 presents  a 
sample of that data. Figures 24a and 24d, 1050 Hz and 45 Hz filtering, 
respectively,  demonstrate  that  use of extremes  in  preconditioning  the 
data  does  not  aid  in  the  correlating of inlet data. However, the peak 
distortion  trends  for 400 Hz and 160 Hz filtered  data,  Figures  24b 
and 24c, a r e  similar, and are  useful  for  the  correlating of inlet  dis- 
tortion  data.  Only a qualitative effect of filtering  was  obtained  from 
the  referenced  work  since  the  four  filters  that  were  examined 
covered  such a wide  variation of fi l ter   characterist ics.  
A study  to  better  define  the  effects of filtering on  high  response  dis- 
tortion  data  was  conducted  as  part of Task I of this  contract. To allow 
more  flexibility  in  the  selection of fi l ter   characterist ics  to  be  used  in 
the  analysis of the  data,  digital  filtering  was  chosen  as  the  method of 
preconditioning the data. The effect of three  f i l ter   characterist ics 
17 
(cut-off  frequency,  roll-off  rate  and  phase  shift)  were  examined as 
par t  of the study. First, the effect of cut-off frequency was exam- 
ined for a given roll-off rate and phase shift. The effects of roll-off 
ra te  and  phase  shift  were  then  defined by reanalyzing  some of the 
Task I data  points  with  different  filter  designs. 
The  digital  system  used  to  conduct  the  study  was first devised at 
Pratt & Whitney Aircraft  to  analyze  the  stability of the  F111/TF30-P-3 
aircraft/engine combination. Flight and rig tests were run comparing 
the  steady  state  value of distortion  to  the  instantaneous  or  high  response 
value. Since that time, the system has evolved to its present state 
through experience in additional programs. Figure 25 illustrates the 
flow of data  through  the  various  components of this  system  and  shows 
i ts  two major  parts,   data  preparation and  data  analysis. 
Data preparation encompasses the demultiplexing, digitizing, and 
converting of all inlet   pressure  parameters  to  engineering  units  in a 
single pass operation for each data point being analyzed. The maxi- 
mum required sampling rate is established at this point. In pa r t  
two, data  analysis,   the  inlet   pressures  are  f irst   preconditioned. 
Digital  filters  are  designed  in a periphery  deck,  the  output of which 
i s  applied to the data in the preconditioning deck. Also, in the pre- 
conditioning  deck is a phase  shift  option  and a variable  sampling  rate 
option. Distortion indices are then calculated at the sampling rate 
selected. 
High response  pressure  data  recorded  on  analog,  multiplexed,  magnetic 
tapes  during NASA LeRC  TF30-P-3  inlet  distortion  tekts  were  played 
back and digitized to a form  suitable  for  analysis. A total of 8 passes  
of the  data  through  the  system  was  required  to  read all 36 inlet  total 
pressures .  Data playback was 30 ips. The data was passed through 
a 500 Hz, linear phase, 3 pole low pass filter which, since playback 
speed is half record  speed,  provides  an  effective  cut-off  frequency 
(i. e.,  signal is attenuated 3 db a t  cut-off frequency) of 1000 Hz. The 
data  was  digitized at 4000 samples  per  second,  at  half  speed,  for  an 
effective  rate of 8000 samples  per  second. 
The  output of the  digitizing  process  was a magnetic  tape  which  was 
then  processed  with a computer  program  that  merged  the  passes, 
converted  the  data  to  physical  units  and  added  steady  state  pressures 
to the dynamic signals. Statistical properties of the data for each 
channel were also calculated with this program. The maximum 
effective  error  that  is  expected  between  passes  is  equal  to 12 micro-  
seconds. 
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In the  data  analysis  part of the  system,  the  data  was  passed  through 
a preconditioning  routine  for  filtering  studies. A large  portion of 
the  analysis of the NASA LeRC  distortion  data  involved  evaluating 
the  influence of filter cut-off  frequency  and  roll-off  characteristics 
on  distortion  factor. Input signals  in  digital  form  were  filtered 
by numerical  techniques  such  as  weighted  averaging of a succession 
of digital  values.  The  design of the  digital  filters  involved  deter- 
mination of the  number of terms  to  be  averaged  and a calculation 
of the  values of the  weighting  parameters. 
The  f irst   part  of the  study,  that of determining  the  effect of cut-off 
frequency, was conducted using phaeeless (zero phase shift) digital 
filters  to  precondition  the  pressure  data.  Design  procedures  for 
the  filters  used  are  outlined  in Appendix B. The cut-off frequencies 
selected were 50 Hz, 100 Hz, 150 Hz and 200 Hz. The fi l ters were 
designed to have a roll-off rate of 18 db per octave. Figure 26 i s  a 
nondimensionalized  plot of the  gain  versus  frequency  characteristics 
of the  filters  used. 
Input from  the  engine  data  analysis  indicated  that a factor  defining 
the  quality of flow enkring  the  engine  core  (splitter  type  factor) 
should be used to indicate the stall inducing distortion. This con- 
clusion  was  derived  from  the  result  that  the  low  compressor  was 
virtually  always  the  first  component  to  lapse  into  rotating  stall 
just prior to engine surge. Several splitter type distortion factors, 
in  addition  to  KC^, were  examined  to  determine  the  factor  that 
would provide  the  best  correlation of the  data.  The  result  was  that 
K g  splitter provided  the  best  correlation. 
Figure 27 presents plots of K g  litter versus t ime for the reduc- 
tion of one "drift  stall"  point witR the  four  different  filters. A s  
expected,  the  lower  cut-off  frequency  filters  smooth  the  distortion 
t races  and lowered the peak levels of distortion.  For  the  particular 
case  examined,  there  is  some  variation  in  the  relative  levels of 
local peaks. The most significant point in this particular case 
is  the  complete  disappearance of the  deep  trough  just  prior  to  the 
maximum distortion peak. Thus, qualitatively the filtering per- 
formed  as  expected. 
The  expected  quantitative  effect of data  filtering is i l lustrated  in 
Figure 28. The value of the  distortion  factor  for  the  surge  inducing 
distortion is compared  to  the  engine  distortion limit (Kcrit) and  to 
the maximum value of distortion  observed.  The  minimum  effective 
cut-off frequency is defined as the  frequency at which  the  surge 
inducing distortion factor is equal to the engine distortion limit. The 
upper  or  maximum cut-off frequency  occurs  when  the  surge  inducing 
distortion becomes equal to the maximum observed distortion. Since 
engine  limits  in  terms of K g  splitter were  not  available, only the 
second  comparison  was  made  to  define  the  quantitative  effects of 
filtering. 
No clear  cut  quantitative  effect of f i l ter  cut-off  frequency  on  the 
relative levels of peak distortions was found. Table III is a tabulation 
of the  results of analyzing the data with the filters selected. The data 
indicates  that if  the cut-off frequency  is  too  low,  the stall inducing 
distortion  becomes  lower  than  nonstalling  distortion  peaks  for  the 
predominately four per revolution patterns. On the other hand, the 
opposite  appears  to  be  true  for  the  predominately  one  per  revolution 
patterns.  That is ,  as the cut-off frequency decreases,  the stall  
inducing  peak  distortion  becomes  larger  than  nonstalling  peaks. 
This  phenomena  has  also  been  observed  in J85 tests  (Reference 2 ) .  
The  effect of cut-off  frequency  was not definitive enough to  positively 
identify  the  filter  that  best  represents  engine  response  to  distortion. 
However,  examination of the  table of results  indicates  that  the  best 
correlation of the  data  is  obtained  when  the  pressure  data is  precondi- 
tioned with the 100 Hz cut-off frequency filter. Since this frequency 
is  close  to  the  low  compressor  rotor  speed  for  all of the  data  examined, 
it  was  concluded  that N1 should  be  used as  the  f i l ter  cut-off  frequency 
in  any  preconditioning of pressure  data.  
The  second  part of the  study,  that of defining  the  effects of phase  shift 
and roll-off rate, was conducted using recursive or feedback type 
digital filters. The particular designs used, described in detail in 
Appendix B, were of the multipole Sine-Butterworth type. Figures 2 9  
through 32 present  the  gain  and  phase  shift  characteristics  for  the 
four filters used in the study. A cut-off frequency of 100  Hz was used 
for  al l  of the filters. The effective roll-off rates vary from 9 db per 
octave  for  the two pole  filter  to 27 db per  octave  for  the  five  pole 
filter. The phase shift for all of the  f i l ters is l inear  for all practical  
purposes  since  the  phase  angle  relation  becomes  nonlinear  after a 
frequency of 150 Hz where  the  maximum  gain is .4 for  the  filter  with 
the  shallowest  roll-off  rate. 
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Change  in  roll-off  rate  and  phase  shift  did  not  appreciably  change  the 
levels of distortion  calculated.  Figure 3 3  presents  sample K g  splitter 
t races  of data  filtered  with  the  four  selected  filters.  As might be 
expected,  use of the  filter  with  the  lowest  roll-off  rate.resulted  in a 
more  jagged trace of the distortion data. However, no substantial 
change  in  the  level of the  peak  distortions,  or  change  in  the  wave 
form  was  apparent  from  the  data  examined. 
Analysis of Longer  Time  Samples of Data 
The  existence of potential stall inducing  distortion  peaks  occurring  at 
times  long  before  stall  was  investigated  digitally as well a s  with 
analog techniques. Digital investigation, although not as extensive 
as the  analog  examination of the  data,  allowed  the  use of the  findings 
of the filter study. Three data points of three second duration were 
examined for this study. The three points selected were cases 405, 
438, and 457. A two pole Sine-Butterworth recursive filter with a 
cut-off  frequency of 100 Hz was  used  for  the  preconditioning of the  data. 
Larger  peak  values of instantaneous  distortion  than  the  stall  inducing 
distortion were found for all of the three points examined. Although 
larger  distortion  peaks  were  observed  that did not stall  the  engine, 
local  peaks  did  indicate  the  occurrence of the  stall  inducing  distortion. 
Figure 34 presents   sample  t races   for  two time  segments  that  were 
reduced for case 438. Both K g  splitter and  face  average  total  pres- 
sure are plotted versus t ime. One of the intervals contains the stall 
inducing distortion, the other contains the maximum observed dis- 
tortion. Examination of the trace containing the stall inducing dis- 
tortion  shows  that  the  face  average  total  pressure  is  decreasing  as 
the peak value of K g  splitter occurs. On the other hand, the pressure 
i s  on the  r ise when  the  maximum  value of K g  splitter  is  observed. 
Since  decrease  in  pressure at the  compressor  face  has a destabilizing 
effect on the  compressor  system,  the  combined  effect of full face 
pressure  variation and  instantaneous  spatial  distortion  is  more  severe 
for  the  stalling  distortion  than  for  the  time  that  the  maximum  value of 
K g  splitter occurred. Not enough data was available to quantify the 
effect of the  combined  distortion;  however,  the 27'0 difference  in 
K g  splitter  between  the  maximum  value  and  the  stall  inducing  value 
can  easily  be  attributed  to  the  effect of the  in-phase  pressure  fluctua- 
tions. This indicates the importance of including the effects of in- 
phase  pressure  fluctuations  in  the  analysis of inlet  distortion  data. 
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Re  commended  Methodology 
A distortion  methodology  based upon the  concept of instantaneous  dis- 
tortion  was  developed  from  the  interpretation of Task I data.  Since 
eight of the  ten  points  examined  were  for  the  7th  open/l2th  closed 
bleed  condition,  the  interpretation of data  was  concentrated on this 
one bleed configuration. The data was examined on a surge/no surge 
basis.  It was assumed that the data examined were for conditions 
where  the  engine/inlet  combination  was  operating  at  the  verge of surge.  
Thus  the  surge  inducing  levels of distortion  were  used  to  estimate  the 
engine  distortion  limits. 
During  the  analysis of the  data,  it   was  observed  that  the  full  face 
average  pressure  varied  considerably  for  the  high  turbulence  data 
points. These pressure fluctuations were found to be cyclic in 
nature  with a period  which  was of the  order of one rotor  revolution. 
The  peak  to  trough  pressure  difference  for  the  cycle  just  prior  to  the 
surge  itducjng  distortion  divided by the  steady  state  average  pres- 
sure (APt/Pt)  was used to quantify this characteristic. The in-phase 
pressure  data,   as  well  as the instantaneous distortion data, was 
required  to  interpret  the  results. 
Figure 35 presents a summary of the  results of the  data  analysis. 
The  figure  presents  estimated  engine K g  splitter l imit   l ines  as a 
function of corrected airflow. The symbols indicate the surge 
inducing  distortion  data  that  were  used  to  derive  the  engine  limit 
lines. The data scatter is considerable until the in-phase pressure 
data is included. Then the data can be correlated, as the lines of 
constant pulse strength ( A P t / P t )  indicate. The three test points 
that  show  less  correlation  were  data  for  which one of the  high  res- 
ponse  pressure  probes  was  bad. 
"
The  following  is a summary of the  elements of the  recommended 
distortion  methodology: 
1. 
2. 
3. 
The  data  should  be  preconditioned  with a digital  filter 
designed to simulate a two  pole low pass   (e .   g . ,  
Sine-Butterworth)  filter  with a cut-off  frequency  equal 
to the  rotor  speed of the  low  compressor. 
A splitter  distortion  factor, K g  splitter, should be used 
as  an  indicator of surge  inducing  spatial  distortion. 
Planar  pulse  data  should  be  bookkept  along  with  instan- 
taneous  spatial  distortion  to  provide  the  best  indication 
of surge  inducing  distortion. 
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Selection of Kg litter to define instantaneous distortion was based 
on  the  findings o?the engine  data  analysis as well  as  examination of 
the distortion data. Since analysis of the engine data indicated that 
the  low  compressor  was  always  the  component  in  which stall was 
initiated,  the  correlating flow distortion  should  be of the  core  or 
splitter variety. Thus, a splitter type factor should be used as an 
indicator.  Analysis of the  inlet  data  resulted  in K g  splitter being 
selected  as  the  best  indicator of surge inducing  distortion. 
The  selection of the  filter  design  for  data  preconditioning  was  based 
on  the  results of the  study  which  indicated  that a cut-off  frequency 
equal to the  low  compressor  rotor  speed  provided  the  best  correla- 
tion of the  data. In addition,  it  was found that  variation of roll-of1 
rate  and  phase  shift  characteristics of f i l ters had only secondary 
effects on the calculated levels of distortion. Since the two pole 
Sine-Butterworth  filter  is  the  simplest  design  to  use,  it   was 
selected  as  the  recommended  filter. 
Verification of  Recommended  Methodology 
A tes t  of the  recornmended  methodology  was  conducted  under  Task I1 
of the contract. This verification test was conducted through the 
application of the  recommended  procedures  for  the  analysis of twelve 
additional drift stall points. The points that were analyzed were 
cases  441,  461,  467,  471,  497,  519,  528,  537, 540, 502 and  561. 
Eight of these  points  were 7th open/l2th  closed  bleed  configurations; 
three  were 7th closed/l2th  closed  configurations,  and  the  remaining 
point was a 7th open/l2th  open  bleed  configuration. 
Each  data  point  was  reduced  using  the  recommended  methodology. 
Pressure  data  for  each point  was  preconditioned  using a digital  filter 
designed  to  simulate a two pole  Sine-Butterworth  filter with a cut-off 
frequency  approximately  equal  to  the low compressor  rotor  speed. 
Values of K g  litter were then calculated for an interval of t ime 
starting about T O  rotor revolutions prior to engine surge. This 
interval of data  was  then  searched  to  locate  the  maximum  peak  dis- 
tortion  that  occurred  prior  to  the  onset of hammershock.  The  times 
that  these  peaks  occurred  were  then  compared  to  the  times of initial 
indication of rotating stall determined from the engine data. The 
levels of the pealc distortions  were  then  compared  to  the  estimated 
cri t ical   levels of distortion  defined  in  Task I. 
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Table IV presents a summary of the  results of the  data  reduction. 
Included  in  the  table  are  the  engine  corrected  airflow,  the  peak 
value of Kg splitter, the  interval of time  between  the  occurrence 
of the  peak  distortion  and  the first indication of rotating stall, the 
amplitude of the  in-phase  compressor  face  average  pressure  f luc- 
tuation  and  the  root  mean  square of the  in-phase  pressure  f luc- 
tuation.  Excellent  correlation of occurrence of peak distortion with 
onset of rotating stall is observed  for  ten of the  "drift stall" points 
analyzed,  indicating  that  the  splitter  type  distortion  factor  does 
recognize stall inducing  distortion  for  the  TF30-P-3  engine. 
Figure 36 presents a comparison of peak  distortion  levels  with  the 
levels of critical  distortion  derived  during  Task I. Only the 
7th open/l2th  closed  bleed  configuration  points  are  plotted,  since 
the  curves of cri t ical   level of distortion  apply  only  to  that  bleed 
configuration. The flagged symbols represent the surge inducing 
peak distortions. Case 502 was a condition that should not have 
induced stall; however, the engine did surge. With the exception 
of case 502, the  data  correlates  well  with  the  curves of criticalengine 
distortionlimits. The results tend to verify the dependence of 
engine distortion limits on the magnitude of in-phase  pressure 
fluctuations. 
Distortion  Synthesis Study 
Several  approaches  to  the  improvement of high  response  data 
reduction  techniques  have  been  pursued  in  the  industry  (3,4,5). 
Two of the  approaches of current  interest   have  been  the  use of 
analog  computers  for  online  distortion  calculation  and  the  use of 
data  screening  methods  prior  to  the  detailed  search  for  the  peak 
instantaneous distortion levels. This phase of study has been con- 
cerned with the latter approach, that of screening the data. In 
particular,  this  work  has  been  concerned  with  the  further  develop- 
ment of procedures  that  use  steady  state  and  root  mean  square 
measurements  to  synthesize  patterns  that  are  representative of 
the  peak  instantaneous  distortion  levels. 
Procedures  were  formulated  for  the  synthesis of maximum  expected 
instantaneous  distortion  from  steady  state  and  root  mean  square 
measurements. These synthesis methods were developed by 
Pra t t  & Whitney Aircraft  in  an  independent  research  and  development 
program  with  the  aid of existing  in-house  scale  model  inlet  high  res- 
ponse data. The methods had not been verified with application to 
different  data  and,  therefore,  these  techniques  were  applied  to  the 
TF30-P-3  mixed  compression  inlet  test  data  for  verification. 
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The  synthesis  procedures  for  the  estimation of maximum  levels 
of inlet  distortion  were  used  to  analyze  data  from  the  twelve  Task I1 
"drift stall" points. The results of the application of synthesis 
techniques  were  compared  with  the  results of the  digital  analysis 
to evaluate the accuracy of the synthesis method. The procedures 
were  also  used  to  analyze  the  three  3-second  data  samples  that 
were  analyzed  in  Task I. Refinements  required  to  improve  the 
correlation  between  synthesized  values of distortion  and  measured 
values  were  made. 
Synthesis Method 
Pa r t  of the  problem  in  the  synthesis of distortion  data  is  that  an  ob- 
served  maximum  distortion  level  is  not a reliable  indicator of inlet 
performance. That is, no probability of occurrence is associated 
with  the  observed  maximum;  and  thus,  it  seems  reasonable  that 
there  should  be a great  deal of scatter  when  comparing  synthesized 
distortions with observed maximum instantaneous distortions. It 
was  decided  that,  in  order  to  reduce  the  inadequacies of distortion 
synthesis,  it  would  be necessary  to  change  the  definition of the  value 
to be synthesized. The new parameter chosen was the statistically 
obtained  maximum  expected  value of distortion. 
Jacocks(6)  had  shown  that  applying  extreme  value  statistics  to  inlet 
time  variant  distortion  data  provides a dependable  indicator of inlet 
performance. This method of data reduction provides a procedure 
for  calculating  an  expected  value of peak  distortion  as a function of 
inlet operation time at the flight conditions of interest.  This  dis- 
tortion  parameter,  the  expected  value of peak  distortion,  is  then  the 
parameter  that  distortion  factor  synthesis  methods  were  designed  to 
predict. 
The  distortion  factor  that  was  recommended  for  the  indicator of stall 
inducing distortion was K g  splitter and,  therefore,  work  was  concen- 
trated on the synthesis method for the maximization of Kg.  The 
method  that  was  developed  is a procedure  for  the  generation of 
synthetic  instantaneous  distortion  patterns  that  can  be  analyzed  as 
actual distortion. Levels of distortion factors are obtained by 
application of standard  factor  calculation  procedures. 
A method  used  for  distortion  synthesis  is  defined by the  specification 
of a set  of steps  required  for  the  generation of a synthetic  distortion 
pattern. A procedure that provides spatial orientation, referred to 
as  definition of the  reference  probes,   is   the  f irst   step  in  pattern 
synthesis. Definition of a spatial  orientation  is  followed by the  deter-  
mination of the  procedure  necessary  to  intensify  the  steady  state 
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distortion  for  which  the  synthesis  method is being tailored. This 
procedure of intensification is referred to as sign selection. Defini- 
tion of the  increment of pressure  to  be  added  or  subtracted  from 
'the  steady  state  pressures  completes  the  definition of the  steps 
required  to  generate a synthetic  instantaneous  distortion  pattern. 
Once the method of synthesis is defined,  individual  pressures  for  the 
synthesized  distortion  pattern  are  generated by the  following  equation: 
ptj synthesis - ptj s s  * MPtj - 
where: 
Ptj synthesis = the synthetic instantaneous probe total 
p ressure  
Ptj s s  = the  steady  state  probe  total   pressure 
A P t j  = the  probe  total   pressure  increment 
defined  by  the  synthesis  method 
A = multiplication  coefficient  for  the 
synthesis  method 
Of the  three  terms  on  the  r ight hand  side of the  equation,  only  the 
multiplication coefficient A is independent of probe location. This 
coefficient is dependent  only  on  the  type of synthesis  method  and  the 
distortion factor being synthesized. Thus, complete definition of a 
synthesis  method  requires  the  value  or  values of the  multiplication 
factor  as  well  as  definition of the  procedural  steps. 
Since  the  data  being  synthesized is a function of the  data  acquisition 
time,  the  synthesis  methods  must  provide a means of including  time 
in  the  prediction  technique.  The  most  plausible  way of doing  this  is 
to  use  multiplication  coefficients  that  are a function of the  t ime of 
inlet operation. If it   can  be  reasoned  that  the  coefficients  are  in- 
dependent of both  type of inlet  and  flight  conditions,  then  it  follows 
that  the  coefficients  can  be  defined by an  equation  similar  to  the 
extreme  value  extrapolation  equation. 
The  method  for  the  synthesis of K g  splitter  is  defined  as  follows: 
1. A reference 180" segment is determined for each ring and 
defined as  the  segment  with  the  minimum  steady  state  total 
pressure  average. 
2 .  Sign selection is negative for probes within the reference 
180" segment  and  positive  for  the  remaining  segment. 
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3. 
4. 
The  pressure  increment,  
Apt. = A p t  rms j + 1.5   Apt  rms - 
180 
where 
A p t  rms j = root  mean  square  total  pressure 
Ap t  rms = average of the root mean square 
fluctuations  at  probe j 
180 pressure fluctuations over the 
associated 180" ring segment 
A = ,0635 1nR + .346 
c= .0104 1nR + .0963 
where 
R =  - T 
. 7 5  
T = time of inlet  operation  in  seconds 
T h e c i s  the  normalized  standard  deviation of the  difference  between 
the actual and the synthesized level of distortion. During the develop- 
ment of the  synthesis  method,  comparison of synthesis  distortion 
factor  values  with  maximum  observed  values  demonstrated  data  scatter. 
Thus, a level of uncertainty  has  been  attached  to  the  synthesized  values. 
The error   analysis   assumes a normal  distribution of the  error  between 
synthesis and observed distortion. This means that, for any inlet opera- 
tion  time,  an  estimate of the  maximum  expected  distortion  level  can  be 
made along with an associated level of certainty. Thus, for a given T, 
there   is  a 6870 probability  that  the  true  expected  maximum  distortion 
is  within  *Cof  the  synthesized  value and  about a 9570 probability  that 
it is  within * 2 6  of the  synthesized  value and so on. 
Application of Synthesis Method 
This  distortion  synthesis  method  was  applied  to  the  test  data  in  the 
following  manner: 
A. The length of operation of the engine at steady conditions prior 
to  surge  was  determined  from  the  recorded  data. 
B. This time interval was then used to calculate a multiplication 
coefficient  with  equations (3)  and (5 ) .  
C. Filtered  values of local  probe A p t  rms levels  were  used  to 
calculate  pressure  increments  as  determined by equation (2) .  
D. The reference 180" ring segments were determined from the 
steady  state  pressures and  then a synthetic  instantaneous  pattern 
was  generated  for  the 36 probe  arrangement  using  equation (1). 
Figure 37 presents  the  results of the  comparison  between  the  synthe- 
sized  distortion  for  the  Task II data.  The  plot  indicates  that  the 
original  synthesis  method  consistently  overestimates  peak  distortion 
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levels. Two probable  reasons  for  this  overestimation of peak values 
exist. First, high levels of in-phase full face pressure fluctuations 
were  included  in  the  local  levels of A p t  rms. Such  in-phase  fluctua- 
tions do not  influence  spatial  distortion,  thus  should  be  removed  for 
synthesis procedures; second, the method extreme value extrapolation 
used  to  develop  the  original  synthesis  methods is too  severe  for  long 
(-5 seconds)  time  samples of data. 
The K g  synthesis  method  was  refined  to  incorporate  the  method of 
extreme  value  extrapolation  reported by Jacocks  and  Kneile  in 
Reference 7. The work reported in this reference shows that a 
"third  asymptote''  fit of extreme  value  data  should  be  used  in  the 
analysis of instantaneous inlet distortion data. The form of this 
extreme  value  estimation  procedure, as applied  to  the  synthesis 
multiplication  coefficient,  is : 
w h e r e d  , and 3 are coefficients derived from the f i t  of data and 
A and R are  as  previously  defined. 
To  incorporate  this  refinement  into  the  synthesis  method,  it  was 
necessary  to  refer  back  to  the  original  data  set   and  rederive 
expressions  for  the  multiplying  factor ( A )  and  the  standard  deviation 
(c). The resultant equations are: 
A = .9233 - .5773 R"" ( 6  1 
== .1908 - -0945 R -. 1 1  (7 1 
The  altered  synthesis  method  was  applied  to  the  Task 11 data  and  the 
Task I data to define its validity. The synthesis was applied to the 
data  in  the  manner  previously  described,  with  the  exception  that  the 
in-phase  full  face  pressure  fluctuation rms level  was  subtracted 
from  each  probe  APt rms and  equation ( 6 )  was  used  for  the  calcu- 
lation of A. 'Simple  subtraction of the rms levels  was  selected  since 
it provided  the  best  correlation of data. 
Figure 38 presents  the  comparison of synthesized  distortion  versus 
stall inducing distortion. The symbols represent individual data 
points. The agreement between synthesized values of K g  splitter 
and  the  stall  inducing  values of K g  splitter is  surprisingly good for  
a majority of the points analyzed. There still appears  to  be a 
tendency  to  overpredict  the  surge  inducing  distortion;  however,  the 
correlation of data is much  better  than  for  the  unrefined  synthesis 
method. A tabulation of the data plotted in Figure 38 is presented 
in  Table V. 
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CONCLUSIONS 
A program  to  reduce  and  analyze  inlet  and  engine  data  obtained  during 
a recent  NASA/Lewis  Research  Center  testing of a TF30-P-3  engine 
operating  behind a mixed  compression  inlet  has  been  conducted. 
Previously  developed  distortion  analysis  techniques  were  applied  to 
the  data  to assist in  the  development of a new distortion  methodology. 
Instantaneous  distortion  techniques  were  refined as par t  of the  dis- 
tortion methodology development. A technique for estimating maxi- 
mum  levels  of instantaneous  distortion  from  steady  state  and  average 
turbulence  data  was  also  developed  as  part of the  program. 
Analysis of Engine  Data 
The  following  conclusions  were  reached  from  analysis of the  com- 
pression  system  data:  
1. 
2 .  
3 .  
The  instabilities  experienced  during  the  engine  testing 
initiated  in  the  core flow path;  therefore, a core   s t ream 
distortion  factor  should be  employed in  analysis of the 
inlet  distortion  data. 
For  these  tests,   virtually all of the  instabilities  initiated 
in  the  low  pressure  spool  compressor  and it was  therefore 
the critical compression system component. This is con- 
sistent  with  Pratt & Whitney Aircraft  experience. 
The  stator 3 through  rotor 6 row group  was  the  most 
probable  region  for  instabilities  to  initiate at the  tested 
conditions;  however,  the  location  was  unpredictable on 
a case  to  case  basis.  
In consideration of the  results of both  analytical  compressor  model 
predictions  and  the  engine  test  results,  the  following  conclusions 
were reached: 
1. 
2 .  
The  3rd  stator of the  TF30 is suspected of often  being  in- 
fluential  in  setting  the  stability limits of the  compressor. 
This row should, therefore, be instrumented during future 
test  programs  oriented  toward  investigation of surge  to 
determine i f ,  in  fact, it is a frequent  source of instability. 
Realizing  that  instabilities do not  always  originate at the 
same  compressor  location,  continued  tracking of cri t ical  
regions  in  the  compressor  against  variables  affecting  row, 
stage, or stage group matching remains desirable. Future 
engine surge investigations, therefore, should also include 
instrumentation  to  isolate  other  regions of the  compressor. 
I 
The K D ~  versus   turbulence  system of predicting  engine  distortion 
tolerance  was  developed  by Pratt & Whitney Aircraft  to  handle a 
one  per  revolution  distortion  pattern  with  the  particular  high  fre- 
quency pressure versus frequency characteristic. Testing of the 
TF30-P-3  engine  behind a mixed  compressor  inlet  subjected  the 
engine  to  spatial  and  high  frequency  pressure  distortion  charac- 
teristics  considerably  different  than  in-house Pratt & Whitney 
Aircraft  flight  test  experience. 
These  engine  tests  demonstrated  higher  levels of distortion 
tolerance  than would  have  been  predicted  from  previous  testing. 
While good agreement  with  predicted K D ~  steady  state  levels  was 
demonstrated at conditions of low  turbulence  and a one per  revolu- 
tion  pattern,  the  high  turbulence stall points  with a 4 per  revolution 
pattern showed considerably  less  engine  sensitivity  to  turbulence 
than predicted. Differences in the turbulent energy/frequency 
characteristics  between  the  test  inlet  and Pratt & Whitney Aircraft  
experience  is   believed  to  be  the  primary  reason  for  the  change  in 
engine  response  to  turbulence. 
The K D ~  instantaneous  (0-150 H z )  analysis  generally  showed  levels 
of K D ~  at surge  to  be  above  the  critical  level,  however,  levels of 
K D ~  above the surge level did occur without causing surge. Based 
on  these  results it is concluded  that K D ~  (0-150 Hz)  is not a useful 
method of predicting  engine stall for  this  propulsion  system  com- 
bination. 
Distortion  Analvsis Methodologv 
A distortion  methodology  based on the  concept of instantaneous  dis- 
tortion  was  developed  from  interpretation of the  inlet  and  engine 
data. Analysis of the  results of the methodology development and 
verification  has  led  to  the  following  conclusions: 
1 .  
2 .  
3. 
The  data  should  be  preconditioned  by a filter  with a cut-off 
frequency  equal  to  the  rotor  speed of the low compressor.  
Roll-off rate  and  phase  shift  characteristics of the  filter 
a r e  not  important,  since  it  was found that  they  have  only 
a secondary  effect on the  levels of distortion  calculated 
from  the  data. 
Application of a core  flow distortion  factor, K g  to 
preconditi-oned  data  provides a good indication of the stall 
inducing  distortion. 
Planar  pulse  data  should  be  bookkept  along  with  spatial 
distortion  to  provide  the  best  indication of the  level of 
instantantous  distortion  factor  required  to  stall  the 
engine. 
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Distortion  Svnthesis 
A previously  developed  method of generating  synthetic  instantaneous 
distortion  patterns  from  steady  state  and  turbulence  data  was  applied 
to  the  data. When the  method  did  not  result  in  correlation of the 
data, refinements to the synthesis techniques were made. Applica- 
tion of the  refined  method  to  the  data  resulted  in a reasonably good 
correlation  between  the  synthesized  levels of distortion  and  the  stall 
inducing  levels of distortion. 
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TABLE II 
ANALOG RESULTS 
TIME O F  PEAK K c 2  
01:31:10.823 
02:17:50.429 
00:57:53.488 
02:01:26.322 
02:03:32.927 
01:27:23.767 
00:53:09.244 
00:55:01.273 
01:28:09.942 
02:13:40.055 
TIME O F  STALL 
01:32:53.531 
02:19:33. 136 
00:58:58.285 
02:02:08.495 
02:04:12.535 
01:27:25.535 
00:54:13.648 
00:56:27.049 
01:28:17.773 
02:13:41.088 
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TABLE III 
Case # 
3 84 
389 
405 
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42 1 
438 
445 
457 
5 15 
45 1 
TABULATION O F  THE  RESULTS O F  
FILTER  CUT-OFF FREQUENCY STUDY 
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T A B L E  IV 
C a s e  # 
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TABULATION O F  RESULTS O F  
METHODOLOGY  VERIFICATION 
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T A B L E  V 
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SUMMARY O F  DISTORTION  SYNTHESIS 
STUDY - REFINED  SYNTHESIS  METHOD 
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Figure 1. - Rotating stall location. Figure 2. - Rotating stall propagation 
rate. 
Figure 3. - Surge pressure wave 
identification. 
Station 2.0 2 0 .  3 2.6 
Figure 4. - Axial locations of high response  instrumentation. 
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F I I U D  SYMBOIS DENOTE OPERATIVE INSTRUMENTA~ON 
Figure 5. - NASA/Lewis TF30-P-3 mixed compression 
inlet  test;  internal  instrumentation summary looking 
into  front of engine. 
Figure 6. - Result matrix; instabilities initiated in low compressor. 
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Figure 8. - Row by row analysis, low compressor match points. 
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Figure 9.  - Row by row analysis. 
Figure 10. - Pratt and Whitney aircraft TF30-P-3 low pressure  compressor - blade row match 
variation with speed at near  surge conditions; standard  fan  operating line; no bleed, 
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Figure 11. - Development of KD2 versus turbulence. 
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Figure 12. - TF30 distortion  tolerance development tools. 
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Figure 14. - TF30 aircraft compatibility; WATC = 190 lb/sec; bleeds closed. 
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Figure 15. - Engine compressor  face  instrumentation for inlet  tests in NASA/ 
Lewis 10 x 10 SWT. 
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Figure 16. - Steady state  inlet  pressure  profiles; mixed compressor inlet; 2 .5  MN. 
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Figure 17. - NASA Lewis inlet teat of TF30-P-3 - normalized p e r  spectral density. 
Figure 18A. - TF30-P-3 engine distortion tolerance; NASA/ 
Lewis inlet  test. 
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Figure 18B. - TF30- P- 3 engine distortion  tolerance; NASA/ 
Lewis inlet  test. 
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Figure 21. - Screening system; calculator handles eight rakes, six probes  per 
rake, and provides  analog  distortion  indices. 
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Figure 22. - Comparison of analog to digital distortion  calculation. 
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Figure 24. - Instantaneous distortion index, record 
1209, at  surge;  trends  observed  comparing peak 
distortion data. 
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Figure 24. - Concluded. 
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Figure 25. - Pratt and Whitney aircraft data  reduction  system;  instantaneous 
distortion  indices are end result of 2-part flow system. 
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Figure 26. - Phaseless filter design; non-dimensional form. 
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Figure 27. - Effect of filter cut-off  frequency on distortion factor. 
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Figure 27. - Concluded. 
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Figure 28. - Approach to analysis of reduced data. 
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Figure 29. - Sine Butterworth filter; 2 pole. Figure 30. - Sine Butterworth filter; 3 pole. 
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Figure 31. - Sine Butterworth filter; 4 pole. Figure 32. - Sine Butterworth filter; 5 pole. 
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(b) 
Figure 33. - Effect of roll-off rate and phase shift on distortion  factors. 
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Figure 33. - Concluded. 
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Figure 34. - Comparison of surge inducing  distortion  with peak distortion, _. 
RDG #438, fc = 100 Hz. 
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Figure 37. - Comparison of synthesized  distortion to observed  distortion; 
1st asymptote method. 
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Figure 38. - Comparison of synthesized  distortion  to  observed  distortion; 
refined  synthesis method. 
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APPENDIX A 
Definition of Distortion  Factors 
The  equations  used  to  define  the  distortion  factors  are  presented  below. 
K g  = 
where 
Wring 
ring = 1 ring  Dring 
q/FT 2- Wring 
rlng - 1 Dring 
J = number of total  rings  which  is  equal  to  number of probes 
per  rake 
D = diameter of the  ring o r  radial  probe 
W = ring  area  weighting  factor 
pT = face  average  total  pressure 
- 
= dynamic  headlaverage  total  pressure 
To  define the term 7 a more  detailed  explanationis  required. 
In general,  the  circurnferential  distribution of total   pressure  at  a given 
radius can be represented by a Fourier   ser ies .  A particularly useful 
form of such  an  expression  is: 
(:) max, 
00 
- pT -  " t x  (an  cos  ne + b, sin  e)  
PT  2 
n =  1 
where 
an = 5" 3 ( 0 )  cos ne  de 
71: pT 
- 
75 
b n 7 r  = r g  (0)  sin n0 dQ 
-K 
If we  defind An = 3- then  the  series  can  be  written as: n n 
Thus  defining (3) a s  being the largest value of this expression for the 
max 
sine  series  representation of the data. The procedure for calculation of the 
Fourier  coefficients  that  was  used on this  contract is presented  in Appendix C.  
KRA2 
KRA2 = 
J 
ring = 
1 p-p] 
ring 
1 
Dring 
equal  to  zero  when  the  ring  average  pressure  is  larger 
than  the  face  average. 
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K Q  splitter is the  value  for Kg obtained by using  the  diameter of the  splitter 
as the  outer  diameter of the  inlet.  The  area  weighting  factors  are  altered 
to  reflect  this  change  and  then  the Kg is calculated  using  the  conventional 
equation. 
KC2 
where 
8 -  = the  greatest  angular  extent  per  ring  where PT/PTRA < 1.0. 
If t he re   a r e  two regions of low PT/PTRA separated by 25" 
or less,   they  are  to  be  treated  as  one low pressure  region. 
- - 
'avg = the  average of 0 for rings occurring within the splitter 
flow radius. The lower limit of 8-  is to be 90".  
D2 
1 
PTRA D r  ing 
KD2 = 
ring  ring 
J 
1 
ring = 1 Dr ing 
where 
APT = difference  between PTRA and  minimum  probe  total  pressure 
reading. 
8 = the  grea tes t  angular  ex ten t  per  r ing  where P T / P ~ ~  1.0. 
- 
Magnitude of 0-is defined from largest  product  of  
7 7  
APPENDIX B 
Digital  Filter  Design 
Time  variant  data  often  requires  filtering  to  aid  in  its  interpretation. In 
the  case of analog  data,  filtering is achieved by putting  the  raw  data  signal 
through  an  electrical  circuit  that  modifies  the  signal  in a prescribed 
manner.  Such hardware  can  be  designed  to  modify  the  frequency  content 
of the  raw  data  in a great  variety of combinations;  such  as  lowpass,  high- 
pass, bandpass, and band reject type filters. If the data is in digital form, 
filtering  must  be  obtained  through  the  use of digital  arithmetic  rather  than 
electrical hardware. The simplest of such digital filters is a straight 
arithmetic  average of the data. By varying the weighting coefficients and 
the  arithmetic  application  techniques,  an  equivalent  digital  filter  can  be 
found for  every  type of electrical  filter. 
The re   a r e  two basic  types of digital.filters;  non-recursive  filters  and  re- 
cursive  filters.  The  arithmetic  averaging  process is a member of the non- 
recursive fi l ter  family.  Non-recursive fi l ters are essentially data 
averaging techniques that use variable value weighting coefficients. Recur- 
sive  filters  make  use of their  own previous  output,  as  well  as  the  raw  data, 
to generate filtered data. In other words, recursive filters make use of 
the  process of feedback  in  altering  data. 
Design of Phaseless  Fil ters 
Determination of the  effect of filter  cut-off  frequency on  the  analysis of dis- 
tortion  data  was  conducted  with  the  use of phaseless  digital  filters. Such 
characteristics  are  obtained  through  the use of symmetric  non-recursive 
digital filters. The equation used to implement such filters is: 
M 
k =  1 
where 
Y, = filter  output  for  time t 
X, = input  data  for  time t 
XnSk = input  data  for  time t t kat 
hk = filter  weighting  coefficient 
A t  = time  interval  between  successive  digital  data  points 
M =  - N- 1 
2 
N = number of terms  averaged 
78 
Gain-frequency  characteristics of the  filter  are  defined by the  set of 
weighting coefficients, hk. A s  demonstrated by Anders, et a1 (Reference .8), 
the  values of hk required  to  simulate a specific  filter  design  are  equal  to 
the  coefficients of the  Fourier  series f i t  of the  gain-frequency  properties 
of the  filter.  Thus,  the  weighting  coefficients  are  defined by: 
fa 
hk = fs Jo H(f)  cos (r) k 2 A f  df 
where 
H(f) = function  defining  the  arbitrary  gain-frequency  relationship 
fs = digitizing  frequency  (sample/sec. ) 
fa  = - f S 
2 
f = frequency  (Hz) 
The  selection of the  number of t e rms  to  be  averaged i s  dependent  upon  the 
accuracy  desired  in  the  simulation of the  specified  filter  characteristics. 
The  gain-frequency  characteristics of a digital  filter,  given by 
M 
k = l  
H(f )  = ho + 2 x hk C O S  (7) k 2Xf 
is  compared  to  the  desired  filter  properties  for  different  values of M. The 
value of M that  results  in a gain-frequency  curve  that  is  within  the  desired 
tolerance  is  used  to  define  the  number of terms  averaged.  Filters  designed 
for  the  cut-off  frequency  study  used 35 coefficients  to  simulate  the  gain- 
frequency characteristics presented in Figure 26. Figure B1 presents the 
resultant  properties  for a digital  filter  with a cut-off  frequency of 50 Hz. 
\ 
Design of the  Sine-Butterworth  Filters 
The  study of the  effect of filter  phase  shift  and  roll-off  rate  on  inlet  distor- 
tion  data  was  conducted  through  the  application of recursive  digital  filters. 
A simple  type of recursive  f i l ter  is given  by: 
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where 
g, hk = weighting  coefficients 
Yn,k = filtered  data  output  for  time  t-kAt 
N = number of values of hk  required  to  define  filter 
The  filter  type  used  in  the  study  was  the sine-Butterworth.1owpass digital 
filter.  This  particular  filter  has a gain-frequency curve defined by the 
foIIowing equation: 
H(f)  =/ + (sinLflAt f ) 2 N  
s i n n A t  fc  
(B-5) 
where 
f c  = cut-off frequency. N is  referred  to  as  the  number of poles 
of the  specified  filter. 
A procedure  for  the  calculation of the  weighting  factors g and  hk is  presented 
in  Reference  9 . A brief outline of thht  procedure  follows: 
(1) Select values of At ,  fc, andN  to  define  the  desired  digital  filter. 
(2)  Calculate for 1 - k- 7; < C N  
( 3 )  Calculate C = 1 - sin2,,, f c  
(4) Calculate for 16 k s  E 
2 
( 5 )  Calculate for 1 4  k 4  - 4 < N  2 
( 6 )  Calculate for 1 SksE 
2 
hk2 = - F+-4 
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(7) Calculate for 1 &k S N  
(8 ) Calculate 
(B-13) 
The  gain-frequency  and  phase  shift  properties of the  filters  designed  for 
the  study are  presented  in  Figures 29 to 32. 
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11111 
Figure B1. - 50 Hz cutoff frequency filter. 
APPENDM C 
Method of Least   Sauares K o  Calculation 
Current  interest   in  high  response  inlet   distortion  testing  has  led  to  develop- 
ment of high  speed  distortion  factor  calculation  techniques.  The  distortion 
factor Kg, described  in Appendix A, is  easily  calculated  when  rake  spacing 
is equal. However, no general procedure has been available for fast Kg 
calculation. 
A  general  procedure of K g  calculation  has  been  developed  for  data  reduction. 
The  approach  taken  was  to  least  squares f i t  a tr igometric  series  to  the  cir-  
cumferential  total  pressure.  The  resulthg  coefficients  were  used as the 
Fourier  coefficients of the data. These values were then used for calcula- 
tion of Kg. 
This  approach  does  not  require  special  geometric  rake  conditions to be 
applicable.  The  only  requirement  is  that  the  number of harmonics of the 
t r i g .  equation  be  less  than  or  equal  to (N/2  -1); where N is  the  number of 
data  rakes . 
The  basic of the  least  squares  approach  is  the  minimization of: 
where 
Pi = actual  pressure  values 
Qi = curve f i t  pressure  values 
N = number of rakes 
The  equation  used  to  generate Qi is   a   t r ignometr ic   ser ies  and is defined  as 
follows : 
j = o  
where 
M = 2x (number of harmonics) 
OCj = the  constant  coefficients 
f . .  = 112 for j = o  
1 J  
= cos  jQi   for  16 j \(MI2 
= sin ( j  -x ) €Ii for  M/2 < j < M  
2 
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To get  the  minimum  value of S,$ S/do( is set   equal  to  zero  for all values 
of 0 &j S M .  The coefficients, j, are then determined from this set 
of equations. Substituting for Qi we have: 
The  set of simultaneous  equations  that  are  used  to  calculate  the  curve f i t  
coefficients  are  defined by: 
This  set of equations  reduces  to: 
In matrix shorthand  the  equations  become 
where ... 
E = 2 f i j  fik j = O . . . . .  M 
i =  1  k = 0, 1 , .  . .M jk 
k jJ=(~ t +(M t 1)rnatrix 
j = curve f i t  coefficients 
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The  values of 
j 
a r e  solved  by  inverting  matrix Fjk] and  multiplying 
The resulting coefficients are assumed to be Fourier coefficients. The 
cosine  coefficients  are  set  equal  toHj (j = 1 , .  . . M / 2 )  and  the  sine 
coefficients  are dj ( j  = M / 2  + 1 ,  . . . M ) .  The  calculations  required  for Kg 
can  then  be  made. It might  be  mentioned  here  that one  advantage  to  this 
particular  method is that  the  matrix CEjk] need  only  be  inverted  once  for 
a  given  instrumentation  geometry,  thus  resulting  in  rapid  calculation of 
KO. 
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PRRTT C HHITNEY  RIRCRRFT 
ENOINE  TF30 TURBOFAN 
TFSOPS 10x10 NRSR/LEtIS 80/40 INLET TEST TFSOP-3 KO2 
RLPHRI OEOREES 1 S -04 
BETRl DEOREES I 0 .o 
HRP OISTORTION FRCTOR(KD1 748.89 
VIEY LOOKINO RFT 
PRRTT C HHITNEY  RIRCRRFT 
ENOINE TF30 TURBOFAN 
TFSOP3 LOX10 NRSRILEYIS 60/40 INLET TEST TFSOP-3 TURB. 
TURBULENCEIRVERROE) 2.7029 
TURBULENCEIHIOHEST PURORRNT) 4.8076 
IS0BRR110nl 0/0 OELTR PRHS/PT) 
VIEY LOOKINO I F T  
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Porn '  NUMBER 
ALPHA(  OEOREES) 
BETA(OEOREES1 
HAP OISTORTION  FACTORlKDl 
47m 
1.41 
0 .o 
392 -49 
PRATT C WHITNEY  RIRCRAFT 
ENDINE TF30 TURBOFAN 
TF30P3  10x10  NASA/LE*IS 60140 NLET  TEST TF30P-3 KO2 
VIEW LOOKIND  AFT 
PRATT L WHITNEY  RIRCRRFT 
ENDINE TF30 TURBOFAN 
TF30P3  10x10  NRSA/LEWIS 60/40 INLET  TEST  TFSOF-S TURB. 
TURBULENCE[AVERAOE) 2.0148 
TURBULENCEIHIOHEST OURORANTI 2.3004 
ISOBARIlO=l 0/0 DELTA PRHWPTl 
VIEW LOOKIND IFT  
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RLPHRIOEOREESI 
BETRIDEOREES) 
RRP DISTORTION  FRCTORIKDI 
491.0 
2.09 
0.0 
734.69 
PRRTT 5 WHITNEY RIRCRRFT 
EtmIrlE T F ~ O  TUREOFRN 
TF30P3 10x10 NRSR/LEtIS 60140  INLET TEST TF30P-3 KO2 
VIEW LOOKXNO RFT 
PRRTT C WHITNEY AIRCRAFT 
ENOINE TF30 TURBOFAN 
TF30P3 10x10 NRSA/LEWIS 60140  INLET TEST TF30P-3 TURB. 
TURBULENCElRVERAOE) 2.3123 
TURBULENCEIHIOHEST aURORRNT1 9.1240 
ISOBRR[IO=l 0/0 OELTA PRIIWPTI 
VIER LOOKINO RFT 
PRRTT C HHITNEY  AIRCRAFT 
ENOINE  TF30 TURBOFAN 
TF3OP3 10x10 NRSR/LEtIS 60140 fNLET TEST TF30P-3 KO2 
RLPHRIOEOREESI 
BETRt DEGREES I 
H I P  DISTORTION  FRCTORIKOI 
5020 
3.63 
0 .o 
896.99 
VIEW LOOKINO  RFT 
PRRTT 4 WHITHEY AIRCRAFT 
EHOINE TF30 TURBOFRH 
TF30P3 10x10 NRSfVLEHIS 80/40 INLET TEST TFSOP-3 TURB. 
TURBULENCE(RVERRM1 2.6406 
TURBULENCEIHIOHEST PURURf7HTl 4.1326 
ISOBRR(lO=l O/O OELTR PRtiWPTI 
VIEW LOOKINO RFT 
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POIm I~~ 
HRTC 
ILPHRI  OEOREES I 
BETRIDEOREES) 
NRP DISTORTION  FRCTORIKDJ 
PRRTT  C.WH1TNEY RIRCRRFT 
ENOINE Tf30 ~URBOFAN 
TF3OP3 10x10 NRSWLEYIS 60/40 INLET  TESTITf30P-3 SO2 
5161) 
149-00 
0.0 
0-0 
700 -92 
VIEW LOOKINO 4FT 
PRRTT 6 WHITNEY RIRCRRFT 
ENGINE Tf30 TURBOFRN 
TF30P3 lox10 NRSA/LEWIS 60/40 INLET  TEST TF3OP-3 TURB- 
VIEW LOOKING afr 
149 
PRRTT b WHITNEY  RIRCRRFT 
ENGINE  TF30  TURBOFRN 
TF30P3 10x10 NRSR/LE+IS 60140 INLET  TEST  TF30P-3 KO2 
RLPHR(OEGREES1 
BETR(OEDREES1 
I(RP OISTORTION  FRCTORIKOI 
6150 
0 .o 
0.0 
419.86 
VIEW  LOOKINO AFT 
PRRTT 6 WHITNEY  RIRCRRFT 
ENOINE  TF30  TURBOFRN 
TF30P3 IOXIO NRSB/LEHIS 60/40 INLET  TEST TF30P-3 TURD. 
TURBULENCEIRYERRCEI 
TURBULENCEIHIOHESf  PURORRNTI 
ISOBRR(10=1 0/0 OELTB  PRHS/PTI 
VIEW LOOKIflO RFT 
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P O W  NUMBER 
RLPHRIOEOREES) 
BETRIOEOREESI 
HAP DISTORTION  FRCTOR(KO1 
PRRTT C WHITNEY  RIRCRRFT 
ENOINE  TF30 TURBOFAN 
TF30P3 10x10 NRSR/LEtIS 60/40 INLET  TEST  TF3OP-3 KO2 
6280 
0 .o 
0 .o 
432 -30 
VIEW LOOKINO RFT 
PRRTT C HHITNEY RIRCRRFT 
ENOINE TF30  TUABOFRN 
TF30P3 10x10 NRSR/LEHIS 60/40 INLET  TEST  TF30P-3 TURB- 
POINT NUMBER szao 
TURBULENCEIRVERRGE) 0 - 1744 
TUABULENCEIHIQHEST PURDRRNTl 9.0546 
I608RRI 10=1 O/O OELTR P R t W P T I  
VIEW LOOKINO RFT 
151 
RLPHRIOECREES) 
BETA1  OEOREES 1 
tmp DISTORTION FRCTORIKDI 
1.65 
0.0 
760.52 
PRRTT Z YHXTNEY  RSRCRRFT 
ENGINE  TF30  TURBOFRN 
TF30P3  IOXlO  NASR/LEtIS 60/40 INLET TEST TF3OP-3 KO2 
VIEY  LOOKINO RFT 
PRRTT 4 WHITNEY  RIRCRRFT 
ENOINE  TF30  TURBOFRN 
TF30P3  10x10 NflSR/LEHIS 60/40 INLET  TEST  TF30P-3  TORE- 
TURBULENCEIRVERRCEI 3.9357 
TURBULENCELHIMlEST PUlORPNTl 5.2015 
ISOBRRtlO=I O/D OELTR PRllS/PTI 
VIEY LOOKINO IFT 
152 
ILPHR(OEOREES1 
BETA(OEOREE6) 
R I P  DISTORTION FACTOR(M0) 
M A T T  C HHITNEY AIRCRRFT 
ENOINE TF30 TURBOFAN 
TF3OP3 10x10 NRSA/LEtIS 60140 INLET TEST TF30P-3 MD2 
6 4 M  
1.66 
0 .D 
641  -14 
VIEW LOOKINO IFT  
TURBULENCE(IIVERCICE1 3.1220 
TURBULENCEIHIMEST PUflORIINTl 3.4059 
S60BARllO~l 010 DELTA PRHWPT) 
VIEH LOOKINO llFT 
153 
ALPHA1  OEDREES I 
BETR(OEOREES1 
HAP OISTORTION  FACTOR(KO1 
1.66 
0 .o 
620.66 
PRRTT C WHITNEf  AIRCRAFT 
ENOINE  TF30  TURBOFAN 
TF30P3 10x10 NASA/LEtIS 60/40 INLET  TEST  TFJOP-3 KO2 
VIEH  LOOKINO  AFT 
PRRTT L YHITNEY  AIRCRAFT 
ENDINE TF30  TURBOFRN 
TFSOPS 10x10 NRSR/LEHIS 60/40 INLET  TEST TF30P-3 TURB. 
TURBULEHCE(AVERRGE) 3 -5284 
TURBULENCE(HIOHE6T LIUAORANTI 3.8471 
ISOBRR(IO=I 0/0 DELTA PRtWPTI 
VIEY  LOOKINO AFT 
154 
APPENDIX E 
Svmbols 
A 
KA2 
KC2 
D2 
KRA2 
KO 
N1 
N1/ Qt2 
P 
A P  
R 
T 
W a  
o( 
P 
s 
1) 
U 
d 
Multiplying  coefficient  used  to  generate  synthetic  distortion 
patterns;  flow  area 
Fan  distortion  factor 
High compressor  distortion  factor 
TF30 distortion  factor . 
Radial  distortion  factor 
Circumferential  distortion  factor 
Low compressor  mechanical  rotor  speed  (rpm) 
Corrected  low  compressor  rotor  speed  (rpm) 
P res su re  
Pressure  increment 
T I .  75 
Return  period  (seconds) 
Mass f low rate 
Asymptote  parameter 
Asymptote  parameter 
P res su re   pa rame te r   P /PsL  
Asymptote  parameter 
Standard  deviation 
155 
1 ""." ... .-.... , 
- _. -. .. .. . . . . . - . . . . ." . . . . . . . . . . 
Symbols  (Cont'd. ) 
0 Temperature  parameter,   T/TsL 
Subscripts 
rms Root mean  square  value 
t Total  condition 
S Static  condition 
SL  Standard  sea  level  condition 
156 
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